INTRODUCTION
Propanediol oxidoreductase is the key enzyme in the fermentation of fucose and rhamnose by cells of Escherichia coli (Cocks et al., 1974; Boronat & Aguilar, 1979) . The sugars are metabolized by the sequential action of an isomerase (Green & Cohen, 1956; Takagi & Sawada, 1964a) , a kinase Takagi & Sawada, 1964b) and an aldolase Chiu & Feingold, 1969) , which yield, in each case, 1 mol of dihydroxyacetone phosphate and 1 mol of L-lactaldehyde per mol of sugar phosphate cleaved.
Aerobically, both products of the aldolase-catalysed reaction are introduced in the general metabolism: dihydroxyacetone phosphate via the glycolytic pathway and L-lactaldehyde by its oxidation to lactate by the action of lactaldehyde dehydrogenase (Sridhara & Wu, 1969) . Anaerobically, L-lactaldehyde has to be reduced to propane-1,2-diol by the action of propanediol oxidoreductase to balance the NAD reduction in the absence of°2 (Cocks et al., 1974) .
Fucose and rhamnose metabolism thus converge, after the aldolase cleavage, into a common pathway. Both pathways have their sets of specific enzymes, although it is not clear whether those enzymes belonging to the common sections of the pathway, namely lactaldehyde dehydrogenase and propanediol oxidoreductase, are also duplicated (Ros & Aguilar, 1984; Chen & Lin, 1984b) .
Propanediol oxidoreductase activity is induced during the anaerobic growth of cells by either of the two methylpentoses, although, surprisingly, fucose but not rhamnose is also able to induce an inactive propanediol oxidoreductase aerobically (Boronat & Aguilar, 1981) . The aerobic enzyme is activated by means of a post-transcriptional mechanism so far not determined, Vol. 231 once the anaerobic condition is established (Chen et al., 1983; Chen & Lin, 1984a) .
Salmonella typhimurium and Klebsiella pneumoniae are known to ferment fucose and rhamnose, and it has been shown that the fermentation mechanism operates in these two species as described in E. coli: through propane-1,2-diol production and excretion with the concomitant induction of propanediol oxidoreductase activity (Badia et al., 1985) .
MATERIALS AND METHODS Bacteria
The Escherichia coli used in this study was a K 12 strain also known as E15 (Bachmann, 1972) . Salmonella typhimurium LT2 was obtained from A.T.C.C. (reference E 23564). Klebsiellapneumoniae C3, formerly Citrobacter intermedius C3 (Imperial et al., 1982) , was given to us by Dr. J. Guinea, Department of Microbiology, School of Pharmacy, University of Barcelona. Chemicals L-Lactaldehyde was prepared and purified in our laboratory as described previously (Boronat & Aguilar, 1979 Carbon sources were added to a basal inorganic medium (Boronat & Aguilar, 1979) at 0.01 M concentration for aerobic growth and 0.02 M for anaerobic growth. Aerobic growth was carried out at 37°C in 2-litre Erlenmeyer flasks, partially filled (200 ml each), and with strong shaking. Anaerobic growth was carried out at the same temperature in flasks completely filled and gently stirred magnetically. Growth was monitored at 420 nm.
Cells were harvested at the end ofthe exponential phase by centrifugation, washed in 10 mM-Tris/HCI buffer, pH 7.3, and suspended in 4 times their wet weight of the same buffer. The suspension was sonically disrupted in an MSE sonicator, set at an amplitude of 18-24 /sm for periods of 30 s/ml of cell suspension in a tube chilled to 0 'C. After centrifugation at 100000 g for 60 min at 4 'C (to remove NADH oxidase) the supernatant fraction was used for enzyme assays.
Assay procedures
Spectrophotometric assay of propanediol oxidoreductase activity was performed at 25 'C by monitoring the conversion of NADH into NAD+ (absorbance decrease at 340 nm) in the presence of lactaldehyde. The activity was measured in an assay mixture that consisted of 2.5 mM-L-lactaldehyde, 100 mM-sodium phosphate buffer, pH 7.0, and 0.125 mM-NADH. The C3 substrate was omitted from the blank control mixture. All reactions were started by addition of the enzyme. One unit of enzyme activity is defined as the amount of enzyme that transforms 1 /imol of substrate/min.
Concentration of the protein in cell extracts was determined by the method of Lowry et al. (1951) or by the method of Bradford (1976) , as indicated; bovine serum albumin was used as standard.
Immunological techniques
Antisera against propanediol oxidoreductase were obtained as described previously (Boronat & Aguilar, 1981) . For enzyme purification procedures (see below), the antibodies were partially purified. The immunoglobulin fraction of the serum was precipitated by 350% saturation with (NH4)2SO4, centrifuged for 30 min at 10000 g and the pellet resuspended in one-half its original volume of 0.15 mM-NaCl/50 mM-Tris/HCI buffer, pH 7.5. This immunoglobulin preparation was dialysed exhaustively against the same buffer and stored at -20 'C. Quantitative immunoelectrophoresis was performed as described by Laurell (1966) . Crossed immunoelectrophoresis and crossed immunoelectrofocusing were performed as described by Chua & Blomberg (1979) and Smith et al. (1977) respectively. Peptide mapping For peptide mapping, propanediol oxidoreductase was purified by immunoprecipitation of the enzyme in the crude extract of each strain. The incubation mixture contained 100 mM-NaCl, 0.1 % (v/v) Nonidet P40, I % (w/v) sodium deoxycholate, 1 mM-phenylmethanesulphonyl fluoride and appropriate amounts of crude extract and globulins (specific antibodies). The immunoprecipitates were spun down in an Eppendorf centrifuge, washed five times with 0.15 M-NaCl and finally resuspended in the electrophoresis sample buffer (Laemmli, 1970) . After electrophoresis, the bands were detected by immersing the gel in 10 vol. of 1 M-KCI in cold water. Bands of propanediol oxidoreductase were sliced out of the gel and eluted electrophoretically into a dialysis bag (Stephens, 1975) . The contents of each bag were precipitated with 9 vol. of cold acetone (-20 C) to remove the excess of sodium dodecyl sulphate, and the protein was dansylated by the procedure of Tijssen & Kurstak (1979) .
Portions (10 sg) of dansylated propanediol oxidoreductase were subjected to limited proteolysis at 37°C for 25 min (Cleveland et al., 1977) (Fig. 1) and corresponded to that of a standard of purified E. coli propanediol oxidoreductase (Boronat & Aguilar, 1979) typhimurium. Crude extract proteins were separated by isolectric focusing in a pH gradient from 3.5 to 5.5. Unstained strips containing 25 ,ug of total protein were subsequently immunoelectrophoresed with 1.5% (v/v) of anti-(E. coli propanediol oxidoreductase) antibodies. 'Rockets' of immunoprecipitation formed at the pl of the propanediol oxidoreductase from E. coli (a), K. pneumoniae (b) and Salm. typhimurium (c).
(1) (results not shown). Moreover, if a mixture of the extracts, one-third of each, was applied to the same system, a single 'rocket' was again apparent, indicating the absence of molecular species with different Mr.
When these same extracts were subjected to a crossed immunoelectrofocusing, where the total amount of protein was separated by electrofocusing between pH 3.5 and 5.5 instead of by electrophoresis, a 'rocket' formed at a pI of4.7 for the enzymes ofE. coliand K. pneumoniae. Salm. typhimurium gave, in contrast, a 'rocket' at the significantly different pl of 4.3 (Fig. 2) .
Further structural comparison ofthe three propanediol oxidoreductases was made by developing the onedimensional peptide mapping for each enzyme. For this, propanediol oxidoreductase from each species was purified to homogeneity by immunological precipitation and electrophoresis (see the Materials and methods section). Purity was assessed by gel electrophoresis with either purified propanediol oxidoreductase (45 fg) of each strain or a mixture of them (15 ,g each). A unique band was apparent under such conditions. The purified and dansylated enzymes were then digested with three different proteinases, Staph. aureus V8 proteinase, a-chymotrypsin and subtilisin, and the peptides obtained were resolved by electrophoresis in a polyacrylamide-gel gradient as indicated above (Fig. 3) .
Band patterns obtained with the enzymes of E. coli or K. pneumoniae were indistinguishable, no matter which proteinase was used in the corresponding digestion; this indicates a high degree of similarity between these two proteins. The enzyme of Salm. typhimurium showed, in contrast, a clearly differentiated band pattern when digested with Staph. aureus V8 proteinase or achymotrypsin. However, when the enzyme was digested with subtilism, no difference whatsoever was apparent among the patterns obtained with any of the three species (Fig. 3) . Structural comparison by these methods of the fucose-induced enzyme offered results indistinguishable from that obtained with the rhamnose-induced enzyme.
The experiment presented in Fig. 1 shows that the enzymes from these species cannot be distinguished from each other by their molecular mass. However, the possibility of differences in the sequences remained and Vol. 231
was subsequently proved for the Salm. typhimurium enzyme by the electrofocusing experiment of Fig. 2 . These differences in the amino acid composition and sequence of the enzyme of Salm. typhimurium were further confirmed by one-dimensional peptide mapping when digestion was performed with a-chymotrypsin or Staph. aureus V8 proteinase (Fig. 3) . The fact that no differences were found in the band pattern of the one-dimensional peptide mapping when the digestion was performed with subtilisin indicates that, in spite of the differences in the Salm. typhimurium enzyme, there is a strong conservation for the clusters of hydrophobic amino acids that act in the polypeptide chain as targets for this proteinase. According to McConkey's (1982) hypothesis on the quinary structure of proteins, these hydrophobic regions might be needed for the relationship between the enzyme and other cellular structures, such as membranes.
The decrease in antigenic determinants in Salm. typhimurium propanediol oxidoreductase as compared with the E. coli enzyme (Badia et al., 1985) against which antibodies were prepared is in accordance with the changes in certain regions of the polypeptide chain and consequently in the structure of the protein. Immunological similarities between the E. coli and the K. pneumoniae enzymes are not surprising, in view of the structural similarities between these two proteins, although for unknown reasons the enzymic activities differ considerably, as discussed elsewhere (Badia et al., 1985) .
Control of propanediol oxidoreductase
To study the characteristics of the induction of propanediol oxidoreductase, the cells were grown aerobically and anaerobically on fucose and rhamnose. Extracts ofeach culture were prepared, and determination of the enzymic activity and immunological quantification of the enzyme were performed in all cultures. Of course, the immunological dissimilarities between Salm. typhimurium propanediol oxidoreductase and the enzymes of the other two species had to be taken in account for the immunological quantification.
A propanediol oxidoreductase protein calibration (not shown) permitted us to confirm the proportionality between the amount of protein and the area of the ' rocket', as well as to estimate a correction factor for the Salm. typhimurium protein; this gave a 'rocket' 30 % longer than that given by the same amount of E. coli protein (Lamy et al., 1983 ).
E. coli produced an induced inactive propanediol oxidoreductase aerobically on fucose but not on rhamnose. In these cells, anaerobiosis activated the inactive fucose-induced enzyme or induced an active propanediol oxidoreductase on rhamnose (Fig. 4 and Table 1 ). In contrast, Salm. typhimurium seemed to produce a certain amount ofinduced inactive propanediol oxidoreductase aerobically not only on fucose but also on rhamnose, whereas the enzyme was not induced aerobically by K. pneumoniae on either of the sugars. Anaerobiosis, in turn, determined, not only the presence of propanediol oxidoreductase 'rocket' in all cultures, but that of its enzymic activity, which increased at least 4-5-fold as compared with the aerobic basal activities (Fig. 4 indicates that the activity of the fucose-induced enzyme is under post-transcriptional control (Boronat & Aguilar, 1981; Chen & Lin, 1984a) . In contrast, the activity of the rhamnose-induced enzyme is under transcriptional control (Boronat & Aguilar, 1981) . Interestingly, Saim. typhimurium, which has high concentrations of propanediol oxidoreductase protein when grown aerobically, displays a post-transcriptional regulation for both fucose-induced and rhamnose-induced enzymes, whereas the K. pneumoniae enzyme displays transcriptional control when the cells are grown on either methylpentose. It would seem that a post-transcriptional regulatory mechanism would be more advantageous and correspond to a more advanced evolutive step than transcriptional mechanism. The high efficiency in 'tuning' the enzymic activity of a permanently present protein by this mechanism, especially in cases where changes in nutrient availability may require a precise and rapid adaptation, would support this hypothesis. Nevertheless, in terms of cell economy, the permanent synthesis of an inactive protein is wasteful for cells subjected to progressive impoverishment of their environment. Under these circumstances the maintenance of a permanent enzymic endowment to be activated when required would be disadvantageous for the cell and would induce a selective pressure to evolve a transcriptional rather than a post-transcriptional control mechanism.
